To develop a two-dimensional (2D) image-based respiratory motion correction technique for free-breathing coronary magnetic resonance angiography (MRA).
INTRODUCTION
While the catheter-based X-ray angiogram is the gold standard for diagnosis of coronary artery disease, coronary magnetic resonance angiography (MRA) has long been sought as an alternative due to its non-invasive and non-toxic nature. Earlier MR approaches employed targeted volume acquisition of each coronary territory using a thin imaging slab, but this tended to produce inconsistent performance depending on the operator skill of coronary localization (1) . Whole-heart coronary MRA has been mainly explored which acquires a three-dimensional (3D) volumetric image of entire heart using an axially oriented thick imaging slab. This approach involves minimal level of localization complexity, and provides huge flexibility of post-analysis of 3D data through arbitrary display views (2, 3) .
Due to the need for high-resolution 3D encoding, whole heart coronary MRA needs to be performed during free-breathing, which necessitates estimation and correction for respiratory motion. The most established respiratory navigator employs one-dimensional (1D) projection signal from pencil-beam excitation of the diaphragm, which can be This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/ by-nc/3.0/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
Two-Dimensional Image-Based Respiratory Navigator | Taehoon Shin translated to the heart's motion based on empirically known correlation between the two organs (4, 5) . However, many studies have found sources of inaccuracy of the diaphragm navigator, such as subject-dependent motion correlation between the diaphragm and heart, and hysteresis during a respiratory cycle (5) (6) (7) (8) . Also, consideration of superiorinferior (S/I) motion only may not be sufficient in subjects who exhibit significant motions in the other directions.
Direct motion estimation from the heart has been actively explored in recent years due to its potential for more accurate motion estimation than the diaphragm-based navigator. Stehning et al. (3) first introduced the use of 1D S/I projection signal of the heart using a modified 3D radial k-space trajectory. Recently, Lai et al. (9, 10) developed acquisition of outer volume-free projection signals using cosine-modulation along the anterior-posterior (A/P) direction, and extended it to multidimensional estimation by adding motion encoding gradients. While these studies reported significant improvement over the diaphragm navigator, the fact that fine anatomical structures are lost in projected signals leaves a room for further improvement in the accuracy of motion estimation.
Ideally, motion can be best estimated by calculating correlation between fully encoded images which preserves anatomical features and also allows easy separation of the heart from stationary regions (e.g., chest wall). However, such image-based navigator would be impractical due to long acquisition time for full k-space sampling with reasonably high spatial resolution.
In this article, we present a simple image-based respiratory navigator with significantly reduced acquisition time by using under-sampled k-space data instead of fully sampled data. The feasibility of the proposed method was tested by 2D motion correction (S/I and A/P) for freebreathing coronary MRA using phantom and in-vivo experiments.
MATERIALS AND METHODS

Motion Estimation between Aliased Images
The proposed motion estimation is based on the fact that translational motion correlation is preserved in aliased images from evenly under-sampled k-space data. This concept is illustrated in Figure 1 ; six-fold aliased images of a resolution phantom at a reference position (a) are shifted along the S/I direction (b). The corresponding full-field of view (FOV) images are shown at the upper right corner. Apparently, the second full-FOV image is a shifted version (16 mm in the S/I direction) of the reference full-FOV image. Likewise, each of six replicas in the second aliased images is displaced by the same direction and distance with respect to the reference aliased image. Thus, the second aliased image that is simply summation of the six replicas, is also a shifted version of the reference aliased image. Figure 1c shows the correlation between the reference aliased image and the second aliased image shifted over 2D search space, as measured by mean square error between the two images multiplied by minus one. The correlation has a local maximum when the second image is shifted back by 16 mm in the S/I direction, which represents the true solution (black arrow). With an under-sampling rate of R, the same local maximum is also yielded at increments of (n FOV/R) away from the true solution in the phase encoding direction (gray arrow). To avoid this ambiguity, R must be chosen such that the expected range of true displacement is less than (FOV/R).
Phantom and in-vivo Experiments
All experiments were performed on a GE 1.5T Signa MR scanner equipped with maximum gradient amplitude of 40 mT/m and slew rate of 150 mT/m/ms and 8-channel cardiac array coil for signal reception. Phantom experiments were performed to test the accuracy of the aliased imagebased motion estimation. Sagittal images were obtained from a resolution phantom placed at nine S/I positions in 4 mm increments by moving the scanner table (i.e., S16, S12, S8, S4, S0, I4, I8, I12, and I16 mm with respect to the iso-center). The under-sampling rate R varied from 1 (full sampling) to 8. Imaging parameter included radiofrequency (RF)-spoiled gradient echo (GRE) readout, spatial resolution = 3.3 × 3.3 mm 2 , FA = 15º, slice thickness = 12 mm, and TR = 2.7 ms. With the iso-center image as reference, motion was searched iteratively using the least-square criterion.
While the actual motion occurred along the S/I direction only, motion estimation was performed over 2D search space to investigate errors in both S/I and A/P directions. Search range was [-16.4, 16.4 ] mm along the S/I direction and [-6.6, 6.6] mm along the A/P direction with a step size of 0.4 mm (1/8 pixel). For the sub-pixel matching, the phantom images were interpolated through zeropadding in k-space by factor of 8, and shifted around in the interpolated image domain.
The pulse sequence for in vivo coronary MRA consisted of T2-prep (11), diaphragm navigator acquisition, fat saturation and coronary data acquisition followed by notched saturation and image-based navigator acquisition (Fig. 2) . This is the same as a commonly used wholeheart MRA sequence, except for the proposed imagebased navigator after the coronary acquisition. The phase encoding for the image-based navigator was set to the S/I direction so that chest wall could be easily excluded from a region-of-interest (ROI) for motion search (Fig. 3) . Notched saturation with a notch-width of 28 cm was also applied along the S/I direction for suppression of thoracic trunk signal outside the FOV. A so-called sandwich design (180 degree hard pulse between halves of slice-selective pulse) was used, which is fast and robust to off-resonance (12) .
Free-breathing coronary MRA was performed in three healthy volunteers with imaging parameters including imaging orientation = axial, 3DFT balanced SSFP readout, FOV = 26 × 26 × 14 cm 3 , spatial resolution = 1.3 × 1.3 × 1.6 mm 3 , 24 view per segment, FA = 80º, TR = 4.2 ms, acquisition time = 100.8 ms, and total scan time = 702 heart beats. Imaging parameters for the 2D navigator included imaging orientation = sagittal, 2DFT GRE readout, FOV = 32 × (32/R) cm 2 with R = 6, spatial resolution = 3.8 × 3.8 mm 2 , FA = 25º, slice thickness = 15 mm, TR = 2.8 ms, and acquisition time = 39.2 ms. A full-FOV sagittal image was acquired over six cardiac cycles before the coronary MRA and used for ROI specification (Fig. 3a) . 2D motion search was performed for the MRA data from the rest of cardiac cycles using the least-square correlation metric. Aliased images for navigator were reconstructed The sequence consisted of a T2-preparation pulse, diaphragm navigator acquisition, fat saturation pulse, coronary acquisition, notched saturation pulse, and 2D imagebased navigator acquisition, sequentially.
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using signals from the anterior coil elements only since posterior elements receive signal mostly from the back while only little from the heart. Search range was [-19 .0, 19.0] mm along the S/I direction and [-7.6, 7.6] mm along the A/P direction with a step size of 0.48 mm (1/8 pixel). For comparison, 1D S/I motion was estimated using the projection signal from the diaphragm and a correlation factor of 0.6 (5).
RESULTS
Exemplary aliased phantom images obtained at the isocenter and at a 16-cm inferior location are shown in Figure  1 . Table 1 summarizes the motion estimation error of the phantom experiment, where each cell contains errors in x-and y-directions (in millimeters) for specific location and under-sampling factor. The absolute errors of motion estimation in the phantom test were 0.20 ± 0.16 mm, 0.22 ± 0.13 mm, 0.28 ± 0.14 mm, 0.32 ± 0.10 mm, and 0.38 ± 0.11 mm for under-sampling rate of 1, 2, 4, 6, and 8, respectively (Table 1 ). The estimation errors increased slightly with the under-sampling rate, due to decreasing SNR. Compared to the error from fully sampled data, additional errors due to k-space under-sampling were negligible, validating the motion correlation between aliased images. The non-zero error from the fully sampled data was presumably due to errors of frequency and phase encoding gradients, which caused inaccurate spatial resolution of reconstructed images. Figure 3 depicts an in vivo full-FOV image used for ROI specification (yellow box), and a six-fold aliased image acquired during an MRA scan. The aliased image exhibits sufficient image features to be used for motion estimation. Figure 4a depicts estimated respiratory motions using the proposed 2D navigator (solid blue) and 1D diaphragm Fig. 5 . Representative coronary MRA images obtained using no correction (left column), 1D correction (S/I) based on the diaphragm navigator (middle row) and 2D correction (S/I + A/P) based on the proposed image-based navigator (right column). The delineation of the arterial tree progressively improves with the 1D and 2D corrections (arrows). Figure 5 shows representative MRA images obtained using no correction (left), 1D correction based on the diaphragm navigator (middle), and 2D correction based on the proposed image-based navigator (right). The total scan time for the two subjects ranged from 10-12 min. The depiction of RCA (top row) and LAD (bottom row) arteries substantially improved with the 1D correction in the S/I direction. The additional improvement with 2D correction was observed especially in the delineation of the distal LAD in the 2nd subject (arrow in the bottom row).
DISCUSSION
Image-based navigators are advantageous over projection-based methods due to improved preservation of image features, capability of multi-dimensional estimation, and easy separation of the heart from other neighboring organs. However, acquiring full-FOV images requires a long acquisition time, which would generate errors caused by motion artifacts and temporal delay to the coronary acquisition. The proposed method overcomes this issue by utilizing motion correlation between aliased images that can be acquired using a significantly shortened acquisition window. The feasibility of the aliased image-based navigator was demonstrated by 2D respiratory motion correction for free-breathing coronary MRA. Using six-fold accelerated acquisition, the proposed method corrected for S/I and A/ P motions, and resulted in improved depiction of arteries compared with the diaphragm navigator.
Under-sampling rate R for the image-based navigator should be chosen based on the trade-off involved. If the under-sampling rate is too low, the image-based navigator may suffer from motion artifacts due to long acquisition window. If the under-sampling rate is too high, the maximum detectable displacement (FOV/R) is reduced. With an expected maximum S/I displacement of ~2 cm and an S/ I FOV of 32 cm, the maximum possible under-sampling rate appears to be 16. However, another issue with too high R is low SNR which degrades the accuracy of motion estimation.
While the empirically chosen R = 6 has yielded promising initial results in this study, further optimization is warranted in a large cohort of subjects.
The 2D image-based navigator was used for estimating motions along the S/I and A/P directions which are believed to be two dominant axes for respiratory motion. Although depiction of arteries was improved compared with the diaphragm navigator in our study, the uncorrected L/ R direction may not be negligible, depending on subjects (10, 13) . Thus, it may be worthwhile to investigate the extension of the technique to 3D motion estimation. One easy implementation would be addition of another imagebased navigator on an axial plane immediately before the coronary acquisition instead of the diaphragm navigator. Axially oriented images will be able to estimate motions along the A/P and L/R directions, and can be combined with S/I and A/P motions estimated by sagittal images.
In summary, we propose a new image-based respiratory navigator for free-breathing coronary angiography and demonstrate its feasibility in healthy subjects. The proposed approach utilizes the preservation of motion correlation between aliased images, allowing for rapid and accurate estimation of 2D motion. The proposed 2D correction has shown to improve the depiction of the arteries compared to the conventional diaphragm-based 1D correction.
